This paper investigates the multi-relay non-orthogonal multiple access (NOMA) networks with cache-enabled users, in which the source transmits superimposed signals to two users, assisted by N relays. We firstly analyze traditional cooperative-NOMA networks, and then discuss the cooperative-NOMA networks with cache-enabled users. Moreover, the analytical expression of outage probability for the proposed network is derived, as well as the asymptotic expression. According to the asymptotic outage probability, we obtain that the diversity order is equal to the amount of relays N . Furthermore, increasing the file hit probability can enhance the transmission performance of the system. Finally, numerical as well as simulation results are presented to validate our analysis.
I. INTRODUCTION
With the gradual advancement of the fifth generation (5G) network commercialization [1] - [4] , non-orthogonal multiple access (NOMA), as an important technology of 5G, has attracted great research interest in recent years [5] , [6] . By using power allocation algorithms and successive interference cancellation (SIC) detectors, NOMA achieves higher spectrum efficiency that can meet the needs for a large number of users [5] - [7] . Recently, a joint computing resource, power, and channel allocation algorithm was proposed in [8] , which reduced energy consumption. The authors in [9] gave a dynamic programming-based power allocation algorithm which can obtain a globally optimal solution to realize the optimal resource allocation of a downlink NOMA system. The work of [10] achieved effective multiuser interference management by using the interference signals received from neighbor users with the leverage of the full-duplex technique. The cooperative NOMA networks were discussed in [11] , which were classified into uplink, downlink and composite architecture. Based on using spatial modulation aided NOMA, authors in [12] studied a three-node cooperative relaying system. Considering the confidentiality in communication, a NOMA-based two-way relay network was proposed in [13] , which reduced the possibility of eavesdropping.
The associate editor coordinating the review of this manuscript and approving it for publication was Jie Tang. There are some existing works on the physical-layer security [14] - [18] , which can be applied to the NOMA networks to enhance the network security.
In practical scenarios, when the data traffic demands are at the peak, wireless networks are under a greater burden [19] - [23] . Caching, as an effective technique, was proposed to relieve the burden of wireless networks [24] - [28] . During the off-peak time, popular files are pre-cached at the relays or users based on different methods [29] , [30] . Cache-level and network-level transmission schemes were proposed in [31] , in which the proposed schemes reduce the delivery latency and the burden on network links. The authors discussed a cache-and SIC-enabled wireless network in [32] , where each user was categorized as a cached user or a non-cached user. The work in [33] focused on the methods of selecting important users and transferring content to these users to minimize the downloading latency and maximize social welfare. A new cache placement strategy was proposed in [34] , by deploying N relays with cache capacity between base station and destination. However, content caching networks cause the decline of spectrum efficiency. To tackle this problem, the authors in [35] proposed a non-orthogonal multiple access-based multicast scheme, which improved spectrum efficiency.
Increasing the number of base stations can raise the capacity of the cache. However, as the number of base stations and users increase, content caching consumes more energy. How to solve the problem of energy consumption is also worth researching. The authors considered a joint optimization of user association and cache configuration strategy to reduce system power consumption [36] . By focusing on the small cells energy harvesting, some researchers realized green delivery in [37] . In addition to energy harvesting, the authors in [38] used a sleep mechanism to control the switch of small cell base stations, further reducing energy consumption. In this paper, we choose the optimal relay to decrease energy consumption and enhance transmission performance.
This paper analyze the multi-relay non-orthogonal multiple access network with cache-enabled users. We investigate traditional cooperative-NOMA networks, and then discuss the cooperative-NOMA networks with cache-enabled users. All the possible scenarios are divided into five cases by merging the events with the same outage probability. Moreover, the transmission protocols in each case are analyzed and the corresponding analytical expressions of outage probability are derived. Furthermore, we also provide the asymptotic outage probability to acquire meaningful insights into the system in the high signal-to-noise ratio (SNR) region. From the asymptotic expression of outage probability, we observe that the diversity order is equal to the number of relays N . Numerical and simulation results validate the effectiveness of the proposed analysis.
The main content and structure of this paper are as follows. Following the introduction, in Section II, we describe the traditional cooperative-NOMA networks. Then the cooperative-NOMA networks with cache-enabled users are analyzed in Section III. In Section IV, we derive the outage probability and also give the asymptotic outage probability expression for the proposed system. In Section V, numerical as well as simulation results are presented to validate our analysis. Finally, Section VI concludes our work.
Notations: CN (0, σ 2 ) denotes a zero-mean circularly symmetric complex Gaussian random variable with expectation of zero and variance σ 2 . Pr[·] denotes the probability.
[·] denotes the event.
II. TRADITIONAL COOPERATIVE-NOMA NETWORKS
Consider a two-user non-orthogonal multiple access (NOMA) relays network, which comprises one source S, N relays {R n , n ∈ [1, N ]} and two users {D 1 , D 2 }. Due to the severe shadowing, there is no direct link between the source and users. Therefore, the source conveys files intended to the users, i.e., file F 1 for D 1 and file F 2 for D 2 , to the relays firstly, and then one selected relay retransmits files using NOMA scheme. We assume that the whole transmission process is over Rayleigh flat fading channels. All files are of the same size K [Mbit]. Each node is equipped with only one antenna and operates in half-duplex mode. The details of the transmission are described as follows.
During the first phase, source broadcasts signal x S with transmit power P S , where x S contains the message of files F 1 and F 2 . Relay R n thus receives
where h SR n ∼ CN (0, η) is the channel parameter of S to R n link and n SR n ∼ CN (0, σ 2 ) is the additive white Gaussian noise (AWGN) at the relay R n . During the second phase, relay R n transmits the superimposed signals to D 1 and D 2 , based on NOMA protocol. Assuming the channel gain of R n to D 1 link is smaller than that of R n to D 2 link, i.e., |h R n ,
is the channel parameter of R n to D i link. After the success of decoding with a set of relays, one optimal relay R n * is selected to broadcast signal x R with transmission power P R in a superposition code manner and x R is given as
where signals x 1 and x 2 contain the message of files F 1 and F 2 , respectively. α is the power allocation factor with α ∈ 0, 1 2 . Then D 1 and D 2 respectively receive
where n i ∼ CN (0, σ 2 ) is the AWGN at D i . In order to simplify the analysis, we utilize ω n = h SR n 2 and ν n,i = h R n ,D i 2 to denote the channel gains of S → R n and R n → D i links, respectively. Therefore, we can obtain the SNR at relay R n as 
BT means the average number of bit transmitted per unit time per unit bandwidth (i.e., [bit/s/Hz]). In addition, the signal-to-interference-plusnoise ratios (SINR) of F 1 received at D 1 and D 2 can be calculated as
and
D 1 decodes target file F 1 with R n ,D 1 , and a successive interference cancellation (SIC) receiver is employed at D 2 . Therefore, D 2 needs to detect the file F 1 with R n ,D 2 firstly, so that the interference from the file F 1 is eliminated before decoding its target file F 2 . After SIC, the SNR of F 2 at D 2 is given by
D 1 can successfully decode x R , when B log 2 (1 + R n ,D 1 ) > 2K /T . Thus, the SINR/SNR threshold γ th 2 at users can be denoted as γ th 2 = 2 2S E − 1. Otherwise, when R n * cannot VOLUME 7, 2019 successfully decode the signal x S or two users cannot successfully decode the signal x R , the transmission outage occurs. We can gain the outage probability of the transmission with relay R n as
Accordingly, the optimal relay selection criterion is that the optimal relay R n * can be selected by minimizing the outage probability based on [39] as follow n * = arg min n∈ [1,N ] P out,n .
III. COOPERATIVE-NOMA NETWORKS WITH CACHE-ENABLED USERS
Different from the traditional cooperative relaying NOMA networks, we contemplate a new scenario where two users are capable of caching files during the off-peak time. Due to the fact that only one file is required by the user in a short time and files were send to relays or users one by one, we only consider whether the target file is cached in the user. When the user caches files of interest, it can retrieve the files locally. Considering the fact that SIC is employed in the NOMA downlink transmission, and cached files can be used for SIC. Therefore, there are 16 possible events for the twouser NOMA network with cache-enable users, considering whether
Since some events have the same outage probability, in order to omit repeated calculations, we divide 16 events into five cases based on the results of the outage probability. That is, the events with the same outage probability are classified as one case. For the simplicity of expression, we use notation
to denote events that whether F 1 and F 2 are cached in D 1 and D 2 , respectively. Especially, [D 1 (φ, φ) , D 2 (φ, φ)] represents the event that there is no file of interest cached in the users. Moreover, we can summarize the 16 possible events into the following five general cases:
. It denotes that either D 1 or D 2 stores target file and the other one stores no desired file, and concretely includes the following 8 events:
It denotes that both of D 1 and D 2 store target file of the other one, rather than their own desired file.
It denotes that either one of D 1 or D 2 stores the target file of the other one, and the other user stores no file.
It denotes that both of D 1 and D 2 store no required file.
It denotes that both of D 1 and D 2 store their own desired file, which concretely includes the following 4 events:
The occurrence probability of Case (k) is denoted by P case,k , where k ∈ 1, 2, 3, 4, 5. The occurrence probability of each case is the sum of the corresponding events occurrence probability. We assume that the users employ the same caching strategy, thus the file hit probabilities for D 1 and D 2 are the same, which are equivalent to p f . Accordingly 1 − p f denotes the probability that the associated file is not stored in the user. Hence the occurrence probability of each case is as follows
In order to calculate the outage probability, it is necessary to analyze the transmission protocols for each case. However, since Case (4) does not cache any file, the transmission protocol is the same as the traditional cooperative-NOMA network that we described in the last section. For Case (5), both users have stored the target file. Therefore, we illustrate the transmissions of Case (1)-(3) as follows.
A. DESCRIPTION OF THE TRANSMISSION PROTOCOL IN CASE (1)
Considering that Case (1) has many events, we choose one event for analysis e.g., the event that the user D 1 has cached target file F 1 , but D 2 does not cache any file of interest. Consequently, during the first phase, the source broadcasts the signal x 2 with transmit power P S , where x 2 contains the message of file F 2 . Relay R n thus receives
During the second phase, after the success of decoding with a set of relays, the signal x 2 is transmitted to D 2 by the selected relay R n * . Full transmission power P R is allocated for the transmission of x 2 . Then D 2 receives
The SNR at relay R n is R n in eq. (5), and the SNR of F 2 received at D 2 can be calculated as For Case (2), both users store other's target file and store no own desired file. Therefore, the transmissions of F 1 and F 2 are the same as the traditional cooperative-NOMA networks.
Whereas since D 1 caches F 2 and D 2 caches F 1 , D 1 and D 2 can cancel the interference of x 2 and x 1 respectively, before the decoding their own desired signals. During the first phase, the source transmits the signal x S , and relay R n receives y SR n in eq. (1). The SNR at relay R n is R n in eq. (5).
Assuming the channel gain of R n to D 2 link is smaller than that of R n to D 1 link, i.e., ν n,1 > ν n,2 . The SNR of F 1 at D 1 is given by n,1 , and the SNR of F 2 received at D 2 is n,2 . n,1 and n,2 are respectively given as For Case (3), we also choose one event for analysis e.g., the event that D 1 has cached F 2 , and D 2 does not store any file. During the first phase, the source broadcasts the signal x S , and relay R n receives y SR n in eq. (1). The SNR at relay R n is R n in eq. (5). Similarly, we assume ν n,1 > ν n,2 . n,1 denotes the SNR of F 1 at D 1 , and the SINR of F 2 at D 2 is R n ,D 2 . n,1 and R n ,D 2 are respectively given by
If ν n,1 < ν n,2 , the SNR of F 1 at D 1 is given by n,1 as follows
D 2 firstly detects the message F 1 , and then decodes F 2 . The SINR of F 1 at D 2 is R n ,D 2 and the SNR of F 2 at D 2 is n,2 .
R n ,D 2 and n,2 are respectively given as
IV. PERFORMANCE ANALYSIS
In this part, we analyze the outage probability of the five cases that mentioned above. Subsequently, we gain the analytical and asymptotic expressions of outage probability to measure the quality of the cooperative-NOMA networks with cacheenabled users.
A. ACCURATE OUTAGE PROBABILITY ANALYSIS
We firstly analyze the probability of successful transmission in each case, and then get the exact outage probability of the system. P suc,k denotes the success probability of Case (k). However, for Case (5), the users D 1 and D 2 store their target files. Therefore, the success probability is equal to 1, and the outage probability is equal to 0.
1) SUCCESS PROBABILITY OF CASE (1)
The transmission outage occurs when the selected relay R n * or the user without caching target file cannot decode the transmission signal. By applying the probability density function (pdf) of ω n and ν n,i , f ω n (x) = 1 η e − x η and f ν n,i (y i ) = 1 λ e − y i λ , the success probability can be calculated as i.e., P suc,1
2) SUCCESS PROBABILITY OF CASE (2) When the selected relay cannot successfully decode the signal x S or two users cannot successfully decode the signals that contain F 1 and F 2 respectively which are retransmitted from the selected relay, the transmission outage of Case (2) occurs. The allocation of transmission power depends on the values of channel parameters. P suc,2 denotes the success probability when ν n,1 < ν n,2 , and P suc,2 denotes the success probability when ν n,1 > ν n,2 . The success probabilities can be calculated as i.e., P suc,2 and P suc,2 P suc,2 = Pr R n > γ th 1 , min n,1 , n,2 > γ th 2 , ν n,1 < ν n,2 (27) P suc,2 = Pr R n > γ th 1 , min n,1 , n,2 > γ th 2 , ν n,1 > ν n,2 = Pr R n > γ th 1 J 2 × Pr n,1 > γ th 2 , n,2 > γ th 2 , ν n,1 > ν n,2
where J 2 denotes the probability that the relay can successfully decode the signal x S . J 2 indicates the probability that two users successfully decode their own signal x 1 and x 2 respectively, when ν n,1 > ν n,2 . Note that P suc,2 = P suc,2 from eqs. (27) and (28) . Therefore, J 2 and J 2 are respectively given by
therefore
3) SUCCESS PROBABILITY OF CASE (3)
Similarly, when the selected relay R n * cannot successfully decode the signal x S or two users cannot successfully decode the signal which is retransmitted from the selected relay, the transmission outage occurs. When ν n,1 < ν n,2 , P suc,3 denotes the success probability and J 3 represents the probability that users successfully decode the signal x R . When ν n,1 > ν n,2 , P suc,3 denotes the success probability and J 3 indicates the probability that users can decode x R successfully. The success probabilities can be calculated as i.e., P suc,3 and P suc,3 P suc,3 = Pr R n > γ th 1 J 2 × Pr min R n ,D 2 , n,1 , n,2 > γ th 2 , ν n,1 < ν n,2
The results of J 3 and J 3 are related to the values of . Thus, for the simplicity of notation, we denote
4) SUCCESS PROBABILITY OF CASE (4)
For Case (4), when R n * cannot successfully decode the signal x S or two users cannot successfully decode the signal x R , the transmission outage occurs. P suc,4 denotes the success probability and J 4 denotes the probability that users successfully decode the signal x R , when ν n,1 < ν n,2 . In addition, P suc,4
and J 4 imply the success probability and users successfully decode the signals that contain F 1 and F 2 , respectively, when ν n,1 > ν n,2 . The success probabilities are respectively given by
Note that P suc,4 = P suc,4 from eqs. (40) and (41) . Similarly, the result of J 4 is related to the values of α and 1 2+γ th 2
. Thus,
, J 4 can be calculated as
= Pr ν n,2 > θ 1 > ν n,1 > θ 3 + Pr ν n,2 > ν n,1 > θ 1
If 1 2+γ th 2 < α < 1 2 , J 4 can be calculated as
therefore P suc,4 can be calculated as
On the basis of the analysis above, we can write the outage probability of this system as
N denotes the number of relays. P out,k represents the outage probability of Case (k). Therefore, P out,k can be calculated as
where c 1 = γ th 1 σ 2 P S η and c 2 = γ th 2 σ 2 P R λ .
B. ASYMPTOTIC OUTAGE PROBABILITY ANALYSIS
In order to obtain a deeper understanding of the interaction between network parameters, we investigate the asymptotic behaviour of the outage probability. Subsequently, we apply the Taylor expansion method of e −x 1−x for small value of |x| and omit the higher order terms, when P R = βP S , with P S → ∞. Therefore the asymptotic expression of the outage probability P ASY out can be calculated as
where
(54)
According to the above analysis, we have the following remarks:
Remark 1: When P R = βP S , with P S → ∞, we use P S as the SNR parameter. The diversity order of system can be calculated as according to the calculation result, the diversity order of system is equal to N . It clearly demonstrates that the diversity order mainly depends on the number of relays. With the increase of the amount of relays, the diversity order gets higher. Remark 2: Eqs. (45), (46), (47), (48) and (49) demonstrate that the outage probability of cache-enabled users is lower than that of non-caching users. This is due to the fact that cache-enabled users can store files, which reduces the interference among files, and the SINR gets higher than the one without cache. In Case (1), the transmission power can be used to send the target file without allocation. In Case (2) and Case (3), the users cache other's target file. Therefore, the interference from the file can be canceled out.
V. NUMERICAL AND SIMULATION RESULTS
To verify the aforementioned analysis, we provide the numerical and simulation results in this section, where more details about the simulations can be found in [40] , [41] . Simultaneously, we evaluate the impact of the key network parameters on system performance through the results. λ, σ and η are set to 1. α is set to 0.2. S E is set to 1 2 , hence γ th 1 is equal to 3 and γ th 2 is equal to 1. Fig. 1 demonstrates how the outage probabilities vary with P S /σ 2 changing from 5 dB to 30 dB when the probability of caching file p f and the number of relays take different values [42] . As shown in Fig. 1 , the outage probabilities of the system decrease as the number of relays increases. Additionally, we observe that with p f = 0.2 the outage probabilities of the system are lower than that with p f = 0. It demonstrates that the employment of caching at the user can effectively improve the system performance which confirms Remark 2. Moreover, the asymptotic results match the corresponding simulation results well in high SNR regions for different N and p f , which confirms our analysis. Furthermore, as the number of relays increases, the system performance is effectively improved, since the deployment of more relays brings the benefit of higher diversity order, which confirms Remark 1. Fig. 2 clearly shows how the outage probabilities vary with the file hit probability p f changing from 0 to 0.8. We set P S /σ 2 = 10 dB and 20 dB, while P S equals to P R . When the power increases with the same number of relays, the outage probabilities of the system are decreased. This is due to the fact that as the power increases, the SINR and SNR rise correspondingly, thus the outage probabilities get lower. In addition, Fig. 2 also indicates that the outage probabilities decrease with the increasing of p f . It demonstrates that the performance of multi-relay non-orthogonal multiple access network with cache-enabled users is better than traditional cooperative-NOMA networks. Consequently, caching is an effective way to relieve the burden of wireless networks. Fig. 3 (a) and 3(b) plot the outage probabilities change versus P S /σ 2 and P R /σ 2 respectively. Also, p f and α are set to 0.2. For Fig. 3(a) , when P R /σ 2 = 20 dB, the outage probabilities of the system decrease with P S /σ 2 changing from 5 dB to 40 dB. When P S /σ 2 = 20 dB, Fig. 3 (b) also shows that the outage probabilities of the system decrease with P R /σ 2 changing from 5 dB to 40 dB. Moreover, with large values of P S /σ 2 or P R /σ 2 , the exact outage probabilities coincide with asymptotic outage probabilities. Furthermore, it can be observed that the outage performance of the system can be improved with the increase of the number of relays, which further confirms our analysis.
In Fig. 4 , we manifest how the outage probabilities vary with the power allocation factor α with p f = 0.2, P S /σ 2 = P R /σ 2 = 20 dB. As seen from the figure, the outage probabilities decrease first and then increase with α changing from 0.01 to 0.46. This can be understood by the fact that the change of α causes the variation of θ 1 , θ 2 and θ 3 from eqs. first and then rapidly. We find that the decreasing ranges of γ th 2 σ 2 P R α are greater than the increasing ranges of γ th 2 σ 2 P R (1−α) and γ th 2 σ 2 P R 1−α−αγ th 2 first. Therefore, the outage probabilities decrease. When α grows gradually, the increasing ranges of γ th 2 σ 2 P R (1−α) and γ th 2 σ 2 P R 1−α−αγ th 2 are greater than the decreasing ranges of γ th 2 σ 2 P R α . Consequently, the outage probabilities increase. Fig. 5 plots the variation of S E with the outage probabilities for p f = 0.2, α = 0.2, P S /σ 2 = P R /σ 2 = 20 dB. We observe that the outage probabilities increase as S E grows. This is because the thresholds γ th 1 and γ th 2 get higher with the increase of S E . Additionally, it also can be observed that the outage probabilities of the system decrease as the number of relays increases. 
VI. CONCLUSION
In this paper, the performance of the multi-relay NOMA network with cache-enabled users has been evaluated. The system performance is analyzed by deriving the exact expression of outage probability, as well as the asymptotic result. From the asymptotic expression, we find that the diversity order mainly depends on the amount of relays. The diversity order gets higher as the number of relays increases, and obtains more diversity gains. Numerical results also suggest that the employment of caching at the users can improve the system performance by not only relay.
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